Flexibility has been identified as the most important factor in the foldable or bendable electrochemical supercapacitors (ESs), which include: electrical double-layer capacitors, and pseudo-capacitors. In this minireview, electrospun polymeric nanofibers (PNFs) and carbon nanofibers (CNFs) based composite electrodes for flexible electrochemical supercapacitors are reviewed in detail. During the past three decades, various electrospun composite electrodes have been developed, and their advantages and disadvantages in ESs are discussed through extensive analysis of literature. Additionally, this paper also discusses and predicts some futuristic research directions based on results published in literature. It is no doubt that electrospinning technology will continue to play an important role in flexible supercapacitor technology.
INTRODUCTION
Since the 21th century, with the rapid development of the global economic and industrial technology, the ecological problems and environmental pollution have caused by overusing the fossil fuels. [1, 2] Therefore, the utilization of efficient and clean energy has become a significant research topic in energy conversion and storage field. In recent years, some of the most effective and advanced technologies for novel electrochemical energy structures are lithium ion batteries (LIBs), [3] [4] [5] fuel cells, [6] [7] [8] and electrochemical supercapacitors (ESs). [9] [10] [11] Among these environmental benignity energy storage devices, supercapacitors (SCs) have attracted increasing attention mainly due to their high power density, long service life, fast charge-discharge and reliable safety features. As a result, ESs have been widely applied in hybrid electric vehicles (HEVs), portable electronics, and large industrial equipment as renewable energy power sources. [12] [13] [14] According to their operating mechanisms, ESs can be classified into two types: electrochemical double layer capacitors (EDLCs) and pseudocapacitors. EDLCs store charges directly via electrostatic ion absorption forming electrical double layers (EDLs) on the surface of electrodes, resulting in limited energy density. [15] Alternatively, pseudocapacitors store more electric energy than EDLCs due to reversible redox reactions at the interface of the electrode material with the electrolyte. [16] From this regard, recent attention has been focused on the increase of the energy density of EDLCs and the design of the high performance pseudocapacitive electrode materials.
In the past three decades, the development of flexible electronic equipment, such as wearable displays, implantable bio-sensors and bendable mobile phones, has attracted tremendous attention. [17] However, current ESs devices are usually bulky, rigid and heavy, which cannot meet the high requirements of flexible electronics. Compared with conventional energy storage devices, flexible ESs are lightweight, foldable, bendable and even wearable. [18, 19] In order to provide continual energy and stable current output, flexible ESs must possess higher energy density and power density. Therefore, in the foreseeable future, improving the electrochemical performance of flexible ESs with shapeconformability, and excellent mechanical properties has been proven to be a promising avenue. [20] [21] [22] However, the greatest challenge in achieving flexible ESs with excellent electrochemical performance and flexibility is the selection and design flexible electrodes with high capacity.
Electrospinning is a scalable, simple and effective manufacturing technique to produce flexible nanofibers via applying a high voltage to a polymer solution. [23] [24] [25] [26] The nanofiber structure is dependent on the spinneret design, spinning condition and polymer-salt precursor, and the fiber diameter can be controlled by changing the viscosity and electric conductivity of the polymer solutions, and the applied voltage. [27, 28] Electrospun nanofibers (ENFs), especially polymeric nanofibers (PNFs) and carbon nanofibers (CNFs) with diameters ranging from sub-nanometers to several micrometers, have brought synergic advantages of excellent flexibility and relatively high specific surface areas. Therefore, ENFs electrodes show promising perspectives for the construction of flexible ESs due to their superior mechanical properties and high electrochemical performance (Fig. 1) . In order to fully utilize these superior advantages of electrospun PNFs and CNFs materials, modification of PNFs and CNFs with other functional materials for fabricating interesting hybrid nanostructures has become another hot issue in present research and technological enterprise. Different types of functional materials, such as transition metal oxides (TMOs), transitional metal sulfides/nitrides/carbides, Transition metal chalcogenides (TMDs) and layered double hydroxides (LDHs), have been incorporated into PNFs and CNFs substrates to form high-performance electrodes. [29, 30] These hybrid composites have some synergistic properties includes high theoretical capacity, excellent electrical conductivity, high specific surface areas and exceptional mechanical flexibility/strength, which will significantly enhance the energy storage performance far beyond pure PNFs and CNFs. Despite there are many excellent reviews regarding electrochemical energy storage and conversion so far, [31] [32] [33] there are very few mentioned on flexible ENF-based electrodes for supercapacitors. Herein, this minireview research focuses on the recent advances and future developing direction of flexible ENF-based electrodes for supercapacitors, including PNFs and CNF-based hybrid nanomaterials. The aim of research on the flexible ENF-based electrodes is to develop electrodes that possess excellent electrochemical capacity, good cyclic stability and rate capability as well as high energy density and power density. Therefore, in the second section, we introduces the fundamental principles and influencing parameters of electrospinning technique. In the next section, the most recent advances in the design and preparation of various flexible PNF-and CNF-based electrodes for supercapacitors. Lastly, some summaries and perspectives on the futuristic developing trends of flexible ENF-based electrodes are highlighted.
ELECTROSPINNING
The history of electrospinning technique can be traced back to the early 1990s based on Cooley and Morton's reports. [34, 35] In 1914, John Zeleny firstly established a mathematical model to investigate the influence of electrical forces on liquids by researching the behavior of liquid droplets at the end of iron capillaries. [36] In 1930s and 1940s, there are a large number of patents and research papers on the principles and apparatus. Formhals successfully produced electrospun fibers with a modified electrospinning device to overcome the traditional advantage of drying system in 1934. [37, 38] In 1936, Charles Norton used air-blast to prevent assist fiber formation during electrospinning with melt liquids for the precursor. [39] In 1966, Sir Geoffrey Ingram Taylor has put forward the theoretical "Taylor cone" model, which modeled the conical geometry of liquid droplets. [40] After that in the 1980s and 1990s, only very few publications and patents were published in electrospinning research field. Until 1990s, since Prof. Reneker employed high voltage to charge the polymer solution to produce a series of fibers with diameter less than 5 µm, the electrospinning technology has gained considerable attentions and booming development. [41, 42] Fig. 2 indicates a schematic of typical electrospinning set-up which contains three parts: a high voltage source, a spinneret/nozzle and a conductive collector. Based on electrostatic field between nozzle and collector, the polymer nanofibers is elongated, solidified and finally collected on the surface of conductive collector. [43] [44] [45] [46] 
Fundamental principles
Electrospinning is an unique method using electrostatic forces to fabricate ultra-fine fibers from polymer, polymer composite solutions or melts, and the fibers have thinner diameters and higher surface areas than those produced from other conventional spinning processes. [47, 48] By using this advanced technique, various nanofibers including polymers, carbon materials, inorganic materials and their hybrid composites can be constructed. [49] [50] [51] Moreover, the basic principles of other techniques, such as pesticide sprayers and electrostatic precipitators, are similar with electrospinning process, which works based on electrical repulsive forces. Typically, in the electrospinning process, a high voltage electrostatic potential (typically in the range of 5-30 kV) is applied to charge the polymer solutions to induce the ejection of a liquid jet from the tip of the syringe through a spinneret, including single, co-axial and multi-spinneret. [52, 53] Before the polymer solution is ejected from the tip of the syringe, the electrically conducting spinneret and the collector should be separated at an optimum distance (typically in the range of 10-25 cm). The jet extends through spiraling loops, as the loops diameter increase, the jet grows longer and thinner, resulting in the solidification of the polymer precursor as the solvent evaporates, and then it collects on the target. [54] [55] [56] Because of the high stretching of jets, the polymer molecules would highly oriented in the fibers, which have been proved by polarized FT-IR and polarized Raman spectroscopy in very recent reports. [57, 58] Generally, These collected ENFs have two types, namely random and aligned nanofibers, both of which have outstanding characteristics including ultra-high surface-to-volume ratio, ability to produce porous nanofibers with highly interconnected pores, and controllable surface morphology. [59] [60] [61] The electrospinning using simple plate collectors often produces nonwoven or random nanofiber mats, and using a disc or cylinder with high rotating speed results in aligned nanofiber mats. [62, 63] ENFs have various morphologies, such as core-shell, [64] [65] [66] [67] [68] sea-island, [69] hollow, [70] porous and dense structures, [46, 71, 72] which can be achieved by adjusting electrospinning parameters including applied electric field, solution concentration, feed rate and distance between the spinneret and collector.
Influencing parameters
The applied electric field, which controls the electrostatic forces working on the polymer jet in the "Taylor cone", has played a crucial role in ultimate fiber formation in electrospinning process. The proper applied voltage can stabilize the electrospinning process that only occurs at an electric field of 1-2 kV/cm as the distance between spinneret tip and collector is changed to 5 cm. Additionally, it is worth noting that the applied electric field also had a powerful effect on fiber diameters. The higher the applied electric field, the longer the fiber average length and the thinner the fiber diameters. [73, 74] Meanwhile, the critical voltage has specific relation with molecular weight of polymer precursor, and higher molecular weight causes the increase of the viscosity. Increasing the voltage value could also result in increasing of the spinning current, and further lead to incidence of beaded morphology and the reduction of surface area.
Viscosity and surface tension of solution are another two important factors influencing the bead formation and the fiber diameters. Viscosity is a functional characteristic of the concentration of solution and molecular weight of the polymer. The polymer precursor solution must have a sufficiently high viscosity to produce bead-free fibers, while a high molecular weight ensures the viscosity. [75, 76] Generally speaking, the increased viscosity results in increasing of the fiber diameter. When the viscosity is too low, polymer particles are obtained by electrospraying. At a higher viscosity, smooth fibers can be produced instead of beaded fibers because the polymer chain entanglements are higher. Both the inherent characteristic of polymer and the type of solvent determine the surface tension, while the surface tension of solutions should be kept low to produce smooth fibers by avoiding the formation of beads. Remarkably, the concentration of the solution has negligible impact on surface tension. Based on this finding, solvents with a relatively low surface tension, such as N,N'-Dimethylformamide (DMF), NMethyl pyrrolidone (NMP) and Dimethylacetamide (DMAc), may increase the spinnability because it is more likely to form fibers. [77] [78] [79] [80] [81] [82] The feed rate of polymer solutions is very important because it determines not only the fiber morphology but also the electrospinning efficiency. [83] [84] [85] By increasing the solution feeding rate, a smooth fiber structure and uniform fiber diameter obtained instead of spindle-like beads. Moreover, the factor of flow rate cannot be ignored and highly related to the applied voltage. In general, high flow rate often requires high voltage, which could ensure a stable cone-jet mode and a continuous electrospinning process.
Apart from the above, other process parameters including collector, the electrical conductivity of precursor, solvent volatility and ambient humidity, also affect the fiber structure and diameter. Fig. 3 illustrates four commonly used rotating drum collectors. [86] The fiber diameter can be controlled by adjusting the collector rotating speed, while higher rotating speed can improve the fiber orientation due to molecular chains' alignment in the direction of fiber axis. Increasing electrical conductivity can lead to fine-diameter fibers, while the fiber structure did not obtain at the ultrahigh conductivity of solution, because Taylor cone will not occur in electrospinning process. It is highly required that suitable solvent volatility to avoid the self-dissolution of nanofibers in the collector. However, if the solvent evaporates too fast, the polymer solution may quickly solidify on the spinneret tip and block it. Ambient humidity, which also affects both the fiber processability and morphology, should be kept at a low level to ensure the obtained fibers stable in moisture atmosphere. 
FLEXIBLE PNFs-BASED ELECTRODES
As one of the advanced energy storage devices, [87] ESCs provide better power density than batteries due to the long life cycle, high safety and environmental affability. [88, 89] Since 1977, Hideki Shirakawa discovered that polyacetylene has an excellent electronic conductivity and earned a Nobel Prize in Chemistry in 2000, [90] various conducting polymers (CPs) have gained considerable interest for SC electrodes in energy storage applications. [91, 92] However, most of the CPs is not suitable for application in SC electrodes due to its limited accessible surface area. Fortunately, electrospinning, which is a scalable technique to produce flexible one dimensional (1D) nanofibers with a relatively high surface area, can solve the above issues adequately. Polyaniline (PANI), as a typical conducting polymer, has shown promising perspective as an electrochemical active material for SCs. [93, 94] In 2015, Liu [95] proposed a highly flexible and foldable sandwiched symmetric all-solid-state SCs, which consisted of flexible electrospun polyaniline/carbonized polyimide (PANI/CPI) nanofibers electrode (Fig. 4a) . Remarkably, the PANI/CPI nanocomposite membrane electrode generates superior specific capacity of 379 F g -1 at 0.5 A g -1 and long cycle life with a capacity retention of 94% after 1000 cycles at 1 A g -1
( Fig. 4b and c) . To circumvent the problem that the pure PANI solution is difficult to prepare due to its limited solubility and dispersion in most organic solvents, an electrospinnable polymer such as polyethylene oxide (PEO) can be usually added to PANI to form electrospinnable polymer solution. For instance, Kalra [96] designed high purity polyaniline (PANI) nanofibers by using high molecular weight PEO as a electrospinnable polymer to successfully produce PANI/PEO nanofibers, and further fabricated PANI/CNT/PEO nanofibers via a single step electrospinning process to enhance the conductivity and cyclic stability of the electrode (Fig. 4d and e) . Both PANI and PANI-CNT flexible electrodes exhibited promising electrochemical performance, including high specific capacitances (308 and 385 F g -1 at a current density of 0.5 A g -1 ) and high specific capacitance retentions (70 and 81.4% at a current density of 2 A g -1 after 1000 cycles; Fig. 4f) Besides PANI, other polymers such as polyamide-66 (PA66), Nylon-6 (PA-6) and Polyindole (Pind) are also used as active materials in ESCs. In 2014, Hu [98] integrated electrospun polyamide 66 (PA66) nanofiber and reduced graphene oxide (rGO) nanosheets to fabricate porous flexible electrode, which demonstrated superior mass loading and capacity. In this research article, GO nanosheets were self-assembled on PA66 nanofibers by electrospinning and subsequently dip-coating in the first step; and then rGO nanosheets dispersed onto the nanofibers through hydrazine vapor reduction method. The obtained flexible RGO/PA66 nanofibers exhibited a high area capacity (0.931 F cm -2 ), approximately 4.4 times higher than that of rGO-coated PA66 microfibers electrode (0.213 F cm -2 ). A highly flexible and transparent Polyaniline/Nylon-6/Cellulose Acetate (PANI-PA-CA) electrode fabricated by in situ polymerization of PANI nanowires on Nylon-6 nanofiber-reinforced cellulose acetate thin film substrates was reported by Kim [99] . The prepared PANI-PA-CA electrode exhibited not only excellent transparency optimal and flexibility, but also superior specific capacitance of 402 F g -1 at a current density of 0.3 A g -1 , and long cyclic stability (capacitance retention of 61% after 1000 cycles). Polyindole (Pind) was previously less studied but recently gained considerable attention in the energy storage field. Zhu fabricated high surface area Pind/CNTs nanofibers by electrospinning technique. In their research report, 10 wt.% addition of CNTs can significantly enhance the conductivity and stability of Pind. As a result, the bind-free Pind/CNTs electrode showed great capacitance improvements of 476 F g -1 at a current density of 1.0 A g -1 compared to the pure Pind electrode (238 F g -1 ). Moreover, they proposed an all-solid-state ESCs device, where stainless steel fabric was used as current collector, and PVA/H2SO4 gel was used as electrolyte. Remarkably, the ESC device exhibited a high power density of 426 W kg -1 , which is higher than those of other Pind-based electrodes such as Co3O4/CNT/Pind and V2O5/Pind/AC composites. This work has set a stage for Pind-based electrode materials to compete with other CPs for ESCs.
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FLEXIBLE CNFs-BASED ELECTRODES

Flexible polymer derived CNFs electrodes
In the past few decades, carbon nanofibers (CNFs) have been widely investigated as the most promising electrode materials for ESCs. At present, electrospinning process still is the main preparation method of polymer derived free-standing CNFs with outstanding electrical conductivity, high surface area and excellent mechanical strength. The as-fabricated flexible CNFs prepared by electrospinning polymer precursor such as Polybenzimidazol (PBI), [101] Polyimide (PI), [102] photopatternable epoxy (SU-8), [103] Phenolic resin, [104, 105] and polyacrylonitrile (PAN) [106] as carbon sources were usually have a specific capacitance of 175 F g -1 . Yang [101] successfully prepared activated CNFs through electrospinning PBI solutions to nanofibers, followed by carbonization and activation, the obtained CNFs activated at 850 °C by steam showed the highest specific capacitance of 178 F g -1 . Using Swagelok cell for electrochemical testing, a binder-free porous carbon nanofiber electrode for room temperature ionic-liquid ESC is proposed in Tran's article (Fig. 5a) , The electrochemical device provides a high energy density and power density (Fig. 5b) [113, 114] Besides these two methods, a flexible PAN-based CNF paper was obtained [115] by simultaneously carbonized and activated in CO2 atmosphere, and exhibited a specific capacitance value up to 150 F g -1 at a current density of 50 A g -1 . There is no doubt that the morphology of CNF electrode often determines the specific surface area and the specific capacitance. Thus, Duan [110] applied ZnO as removal templates, and combined electrospinning technique to produce a new kind of free-standing carbon nanofiber webs (CNFWs) with interconnected porous ultrathin carbon nanobubbles (Fig. 5c) . As a result, this free-standing CNFW electrode exhibited superior electrochemical performances because this unique fibrous-bubbled structure can not only provide fast electron transport paths but also ion transport channels. Analogously, Gupta [116] designed linear tube carbon nanofibers (LTCNFs) through electrospinning PAN and PS polymer blend solutions followed by thermal treatment to remove PS templates. Furthermore, CNFs have been also prepared from PAN-hybrid composites precursors, such as PAN/PVP, [117, 118] freestanding PAN/Nafion derived CNF electrodes and silica-based ionic liquid gel electrolytes. Soon after, the same group constructed three-dimensional CNFs prepared through electrospinning PAN/Nafion blend solutions followed by a pyrolysis carbonization process, [111] and synthetized ion gels by the entrapment of EMImTFSI in a methyl cellulose matrix (Fig. 5d) . As a remarkable result, an outstanding specific capacitance of 153 F g −1 at 20 mV s −1 was obtained because the electrode framework creats electrons and ion-conducting pathways (Fig. 5e) . Yang [127] used PAN/PmAP blends as carbon precursor to produce flexible nitrogen-doped porous CNF mats by electrospinning method, and followed by thermal stabilization and carbonization. The as-obtained SCs showed high specific capacitance and good cycling stability due to the high effective surface area, excellent conductivity and high nitrogen content.
Flexible CNF-based composite electrodes
An ideal flexible electrode should generally have a combination of outstanding mechanical strength and excellent specific capacitance. [128, 129] Although flexible CNFs have been widely studied as electrode for ESCs, the use of individual CNFs is limited due to unsatisfactory capacitance in highperformance flexible supercapacitors. [130] Therefore, to meet the demands of flexible supercapacitors, designing and developing CNF-based composite electrodes has aroused increasing interest, especially integrated CNFs and pseudo-capacitance materials or other carbon materials like carbon nanotube, graphene, etc.
CNFs-polyaniline composites: It is well known that PANI is one of the most promising candidates for supercapacitors among pseudo-capacitance materials owing to its simple fabrication process, low cost, extremely high specific capacitance and environmental stability ( Fig.6a and b) . [131, 132] However, great volume expansion/shrinkage of PANI during long term charge/discharge processes will destroy electrode backbone, and further result in poor cycle life and rate capability. Therefore, to address this critical challenge, researchers have shown keen interest in compositing PANI and CNFs, which can integrate the advantages of high power output of CNFs and high energy output of PANI (Fig.  6c, d, and e) . [133, 134] For an instance, Zhou [135] successfully prepared cross-linked N-doped carbon nanofiber network (CLCF) as flexible electrode with a high specific capacitance of 223 F g −1 at 0.5 A g −1 and superior rate capability of 78.5 % of the initial capacitance at 0.5 A g −1 . Moreover, CLCF could be used as scaffold for supporting PANI to form CLCF/PANI composite, which exhibited a higher specific capacitance of 300 F g −1 at 0.5 A g −1 and no obvious capacitance loss even when the ESC device was bended to 180°. Wang [136] applied electrospinning method to fabricated free-standing coal based carbon nanofiber (CBCNF) paper, which used as a supporting scaffold to grow PANI nanowires, and the obtained composite electrode displayed an extremely high specific capacitance of 1257 F g −1 at a current density of 0.5 A g −1 . Recently, Ding [137] reported a highly flexible carbon black doped carbon nanofiber/PANI membrane with exceptional electrochemical performance, including a superior specific capacitance of 501 F g −1 at 0.5 A g −1 and outstanding capacitance retention of 91% after 5000 cycles.
Additionally, they successfully fabricated solid-state symmetric supercapacitor device comprised of H3PO4-PVA gel membrane, which can power on a set of LEDs when charged, and no obvious capacitance change can be observed at different bending angles even after 500 bending cycles. CNFs-carbon nanotube composites: Hou [139] used electrospinning technique to incorporated latex nanoparticles (LNPs) and multiwalled carbon nanotubes (MWCNTs) in PAN nanofibers, and then carbonization to form CENF/LNPs/MWCNTs electrode. Compared the porous CENFs without MWCNTs, the freestanding and binder-free composite electrode with MWCNTs possessed higher specific surface area, meso-porosity percentage, as well as better electrochemical performance. More recently, a flexible CNF/CNT electrode was prepared through sol-gel, electrospinning, and chemical vapor deposition (CVD) processes in Xie's report. [140] After deposited with MnO2, the obtained CNF/CNT/MnO2 electrode showed high specific capacitance of 631 F g −1 at 0.9 A g −1 and extremely long-term cycling stability of 95% after 1500 cycles. Moreover, the assembled symmetric SCs possessed maximum energy density of 19.11 W h kg -1 and maximum power density of 25,000 W kg -1 . This work would offer a promising and highly valuable method to produced conductive self-supporting scaffold for high-performance energy storage devices. CNFs-graphene composites: Graphene, as a single-atomic thickness of carbon atoms, has been predicted one of the most promising candidate for SCs due to its high electrical conductivity, large specific surface, superior mechanical strength and excellent thermal conductivity (Fig 6f and g) . [138] After being integrated with CNFs, graphene can improve the physical and chemical properties of composite electrode. [141, 142] By using PAN/GNS as electrospun precursor, Yan [143] prepared a binder-free and flexible CNF/GNS paper electrode via electrospinning process and followed with high temperature carbonization. Benefited from the synergistic effect from CNF and GNS, the paper electrode showed a high specific capacitance of 197 F g −1 , which is 24% higher than that of pure CNF electrode.
Qiu [144] demonstrated a freestanding carbon nanofiber/graphene (CNF/G) electrode via in-situ electrospinning and simultaneously spraying process. The as-obtained composite electrode exhibited a specific capacitance of 183 F g −1 , which is 1.6 times higher than that of CNF without graphene, because the CNF web could prevent the agglomeration of graphene.
CNFs-metal oxides composites:
Metal oxides, such as transitional metal oxides, [145] binary/ternary metal oxides, [146, 147] and RuO2, [148, 149] have been studied for the supercapacitors in order to increase the energy density owing to their fast faradic surface redox reactions. However, all these potential metal oxides electrodes often suffer from their intrinsically poor electrical conductivity and low ionic diffusion constant. Therefore, to overcome these challenges, developing CNFs/metal oxides hybrid materials is an effective strategy to improve their electrochemical performance. More importantly, CNFs can be used as flexible scaffolds to effectively grow nanostructured metal oxides to form freestanding electrodes for wearable and foldable supercapacitors. [150] [151] [152] Kang [153] after 100 bending cycles, indicating a superior flexibility. Analogously, Liu [155] reported a flexible NiCo2O4 doped carbon nanofibers (NCCNF) by the combination of electrospinning and co-deposition method, which can be used as a highly conductive scaffold to grow δ-phase and γ-phase MnO2 nanomaterials (Fig. 7a) . The obtained flexible NCCNF@MnO2 hybrid electrode, including nanosheet and nanorod structure, has high specific surface areas and three-dimensional network, which result in remarkable specific capacitances of 918 F g -1 and 827 F g -1 , respectively. ZnCo2O4, as a typical spinel structure, has been vertically grown on porous CNFs in Qu's recent report [156] via a facile electrospinning and hydrothermal method ( Fig. 7b and c) . Benefiting from three-dimensional hierarchical structural features, the binder-free PCF@ZnCo2O4 electrode exhibited a high specific capacitance of 1384 F g -1 at 2 mV s -1 , and achieved high energy density (49. Beyond these above-mentioned CNF-based hybrid electrodes, other composite electrodes, such as CNF-metal hydroxide, [158] CNF-Mg, [159] CNF-PS, [160] CNF-Pt, [161] CNF-Ag [162] and CNFmetal sulfides [163] have also attracted considerable attention due to their high specific capacity and power density. For some examples, Liu [164] successfully grew Ni-Co LDH nanorods on CNFs via electrospinning and co-deposition process. Recently, by using coaxial electrospinning and hydrothermal method, Chen [165] prepared a freestanding hierarchical 1D CNFs-2D NiCo2S4 electrode, which could effectively decrease the ion diffusion resistance and increase the specific surface area.
SUMMARY AND FUTURE OUTLOOK
In this review article, we have systematically highlighted the recent progress in flexible and wearable supercapacitors by applying electrospun nanofibers as electrode materials. Nowadays, 1D nanofibers have made great achievements in electrochemical energy and conversion field due to its promising advantages of exceptional mechanical flexibility/strength, definable porosity and relatively high specific surface areas. In this regard, electrospinning technique is an ideal and efficient method to produce uniform nanofibers with diameters ranging from sub-nanometers to several micrometers. In addition to the advantages of various morphologies and controllable porosity, the ENFs have also used as supporting scaffold to uniformly grow active pseudo-capacitance materials to form hierarchical heterostructures, which could provide more active sites for the electrochemical reactions and further enhance the electrochemical performance. Although great development in flexible ENFs and the hybrid electrodes has been achieved, there are still numerous drawbacks and challenges need to be conquered towards commercialization and practical applications. i) In a technical aspect, although a large number of electrospinning theoretical models have been proposed, the accurate models still need to be improved to reduce the time for parameters optimization. Therefore, developing and innovating reliable theoretical models with abilities of simulating influence of spinning parameters and predicting the fiber diameters may be important to increase the electrospinning efficiencies and decrease the fabrication cost in industries.
ii) More attention should be focused on the high-performance electrode materials with a high active surface area, excellent conductivity and mechanical properties, which ensure better integrity to form binder-free electrode with a short ion transfer path. Furthermore, designing some intriguing structures, such as hollow and core-shell nanofiber, have recently received a great number of attention. Additionally, such hierarchical materials could be applied in other research areas like batteries, [166] [167] [168] electrocatalysis, [169, 170] photocatalysis, [171, 172] solar cells [173] [174] [175] and wearable electronic fabrics.
iii) Despite ENF-based hybrid composites used as binder-free electrode materials have been studied extensively in the past years, the flexible supercapacitors devices is still in the infancy stage. Planar-or fiber-shaped supercapacitors will be a promising research direction in the near future. However, some important parameters of ENFs, such as mechanical properties, stretchability and optical transparency have not been quantitatively and systematically investigated during the electrochemical process.
Although a large number of difficulties and challenges exist, electrospinning technique still is a productive method to produce uniform nanofibers with some interesting structures. The combination of electrospinning with other techniques like hydrothermal, co-precipitation, CVD or electrochemical deposition still is a powerful and versatile way to form high-performance electrode materials. With the fast development of materials science and engineering, we believe the flexible and wearable supercapacitors with exceptional electrochemical and mechanical performance will expedite many progresses, and boost the commercialization of smart and flexible electronics in the future.
